Abstract: Although MRI assessment of white matter lesions is essential for the clinical management of multiple sclerosis, the processes leading to the formation of lesions and underlying their subsequent MRI appearance are incompletely understood. We used proton MR spectroscopy to study the evolution of N-acetyl-aspartate (NAA), creatine (Cr), choline (Cho), and myo-inositol (mI) in pre-lesional tissue, persistent and transient new lesions, as well as in chronic lesions, and related the results to quantitative MRI measures of T1-hypointensity and T2-volume. Within 10 patients with relapsingremitting course, there were 180 regions-of-interest consisting of up to seven semi-annual follow-ups of normal-appearing white matter (NAWM, n 5 10), pre-lesional tissue giving rise to acute lesions which resolved (n 5 3) or persisted (n 5 3), and of moderately (n 5 9) and severely hypointense (n 5 6) chronic lesions. Compared with NAWM, pre-lesional tissue had higher Cr and Cho, while compared with lesions, pre-lesional tissue had higher NAA. Resolving acute lesions showed similar NAA levels pre-and post-formation, suggesting no long-term axonal damage. In chronic lesions, there was an increase in mI, suggesting accumulating astrogliosis. Lesion volume was a better predictor of axonal health than T1-hypointensity, with lesions larger than 1.5 cm 3 uniformly exhibiting very low (<4.5 millimolar) NAA concentrations. A positive correlation between longitudinal changes in Cho and in lesion volume in moderately hypointense lesions implied that lesion size is mediated by chronic inflammation. These and other results are integrated in a discussion on the steady-state metabolism of lesion evolution in multiple sclerosis, viewed in the context of conventional MRI measures. Hum Brain Mapp 38:4047-4063, 2017. 
INTRODUCTION
Multiple sclerosis (MS) lesions are focal, myelin-poor regions with gliosis and reduced axonal density [Frohman et al., 2006] . They arise from autoimmune-mediated inflammation episodes which are directly responsible for patients' overt symptoms and relapses. Over time lesions cause axonal degeneration and cell death [Trapp et al., 1999] , which underlie the progressive disability characteristic of advancing disease.
Lesions are the radiological hallmark of MS. They are identified as regions of white matter hyperintensities on T2-weighted MRI, which reflect a wide range of inflammationinduced injury. Specificity to lesion status is possible with T1-weighted imaging: gadolinium chelate enhancement denotes ongoing blood-brain-barrier breakdown; and hypointensity lasting more than 6 months indicates a more terminal degree of injury compared with isointense lesions and those with transient hypointensity . These classifications, and complementary metrics such as lesion number and volume, are essential for individual patient diagnosis, prognosis and treatment monitoring [Lublin et al., 2014] , as well as for assessment of therapy efficacy in clinical trials [Cohen et al., 2012; Sormani and Bruzzi, 2013] . Lesion appearance on T1-and T2-weighted imaging, however, depends solely on differences in the relaxation times of water protons, thus precluding differentiation of inflammation, gliosis, demyelination, remyelination, and neuronal loss, all of which contribute to changes in the MRI contrast ratio between lesions and adjacent tissue. A more direct way to assess the underlying pathophysiology is possible with proton MR spectroscopy ( 1 H MRS) through quantification of metabolites functionally related to specific processes. For example, N-acetyl-aspartate (NAA) concentration reflects neuronal health, number and mitochondrial function; creatine (Cr) levels are linked with energy metabolism and glial proliferation; choline (Cho) with de-and remyelination; myo-inositol (mI) with astroglial activation and gliosis [Rovira and Alonso, 2013; Sajja et al., 2009] . Besides lending specificity to the conventional MR metrics, 1 H MRS has the potential to inform about the processes leading to lesion formation and to help in predicting lesion appearance on MRI. Unfortunately, 1 H MRS has lower signal-to-noise ratio compared with MRI, necessitating voxels several orders of magnitude larger (cm 3 versus mm 3
). This introduces uncertainty in measuring metabolism in all but the largest lesions, because of voxel inclusion of cerebro-spinal-fluid (CSF) and surrounding normal-appearing tissue. The resulting partial volume errors are affected by lesion location (e.g., neighboring CSF versus gray matter), voxel size and placement, and confound both cross-sectional and longitudinal assessments. Moreover, metabolic ratios (e.g., NAA/ Cr, NAA/Cho, and Cho/Cr) often used instead of absolute quantification, do not take into account differences in metabolite relaxation times and can mask changes occurring in both the numerator and denominator.
In this study, therefore, we use absolute quantification with stringent partial volume correction combined with high spatial resolution 1 H MRS imaging ( 1 H MRSI). This approach enabled us to study lesions in mildly disabled patients with relapsing-remitting (RR) MS, early in its course, when lesions are typically below the resolution of 1 H MRS. Our goal was to provide a comprehensive assessment of the metabolism associated with lesion evolution from prelesional to chronic state, and relate that to quantitative measures of conventional MRI. The design was a three year, semi-annual longitudinal follow-up of pre-lesional tissue, resolving and persisting acute lesions, as well as of chronic lesions. Absolute concentrations of NAA, Cr, Cho, and mI were obtained along with T1-contrast ratios and T2-lesion volumes. Changes of these metrics over time were assessed within acute and chronic lesions and comparisons across lesion stages and across lesions stratified by different T1-hypointensity were performed. The results provide insights into lesion pathogenesis and pathophysiology and reveal the metabolic correlates of conventional imaging measures across all stages of lesion evolution.
MATERIALS AND METHODS

Human Subjects
Eighteen patients, 5 men, 13 women, with RR MS [Poser et al., 1983] within 6 years from diagnosis, were scanned semiannually over 3 years (up to 7 scans each). The inclusion criteria were MS diagnosis, no MRI contraindications, ability to provide informed consent, and no history of alcohol, drug abuse, HIV infection, psychiatric, or other neurological comorbidities. The project was approved by the Institutional Review Board and informed consent explaining the nature of the procedures was obtained from all subjects. The study was carried out in accordance with the Code of Ethics of the World Medical Association.
MR Data Acquisition
The following protocol was done in a 3 T scanner (Trio, Siemens AG, Erlangen, Germany) using a circularlypolarized transmit-receive head coil: (1) sagittal MP-RAGE with TE/TI/TR 5 2.6/800/1,360 ms, 256 3 256 3 160 mm field-of-view (FOV), 1 mm 3 isotropic pixels; (2) custom chemical shift imaging-based automatic shimming [Hu et al., 1995] ; (3) 3D 1 H MRSI (see below); (4) axial T2-weighted FLAIR with TE/TI/TR 5 88/2,500/9,000 ms, FOV 5 256 3 256 mm 2 , 512 3 512 matrix, 30 slices, 3.7 mm thickness; (5) intravenous administration of 0.2 mL/kg gadolinium chelate (Magnevist, Bayer HealthCare, Whippany, NJ); (6) axial post-gadolinium chelate T1-weighted spinecho: TE/TR 5 4.7/349 ms, FOV 5 256 3 256 mm 2 , 512 3 512 matrix, 30 slices, 3.5 mm thickness. During the scan, the MP-RAGE images were reformatted into axial orientation at an angle rendering the genu and splenium of the corpus callosum in the same horizontal plane at the level of the longitudinal fissure. All subsequent scans were acquired at the same angle. The pre-and post-gadolinium chelate T1-weighted scans were compared to confirm that the head remained in its initial position at the end of the scan.
The 1 H MRSI volume-of-interest (VOI), with right-left (RL) 3 anterior-posterior (AP) 3 superior-inferior (SI) dimensions of 8 3 10 3 4.5 cm 3 , was placed as superior in the brain as possible while avoiding the subcutaneous lipids, as shown in Figure 1A -C. It was excited with TE/TR 5 35/1,800 ms PRESS (point-resolved spectroscopy) in three 1.5 cm thick, second-order Hadamard-encoded slabs (6 slices) interleaved every TR along the SI direction for optimal signal-to-noise ratio and spatial coverage [Goelman et al., 2006b ]. The axial slabs were encoded with 2D 16 3 16 chemical shift imaging over a 16 3 16 cm 2 FOV and a 8 3 10 cm VOI defined in their planes with two 11.2 ms-long, numerically optimized, 1808 radiofrequency pulses (4.5 kHz bandwidths) under 1.34 and 1.1 mT/m gradients, yielding 480 voxels, a nominal 0.75 cm 3 each, or approximately 1.2 3 1.2 3 0.75 5 1.08 cm 3 given the full-width at half maximum of the point spread function for the uniform 2D phase encoding in the axial planes [Brooker et al., 1987; Goelman et al., 2006a; Mareci and Brooker, 1991] . The MR signal was acquired for 256 ms at 61 kHz bandwidth. At two averages, the 1 H MRSI took 34 minutes and the entire protocol about 1.2 hours.
Segmentation
Binary masks of all lesions within the patient cohort were generated on the FLAIR images using locally developed software [Rusinek et al., 2013] . To ensure accurate lesion segmentation, each slice was inspected by an operator who manually modified the masks if needed. Lesion volumes were calculated as the product of the number of "lesion pixels" 3 pixel volume. Only lesions larger than 0.3 cm 3 were retained for analysis; this was the minimal volume that could result in at least 40% lesion fraction within a single, 0.75 cm 3 , 1 H MRSI voxel. Pre-lesional tissue was defined as a region in which a lesion satisfying the size criterion appeared at a subsequent timepoint. The MP-RAGE images were segmented into CSF, gray matter (GM), and white matter (WM) masks using SPM2 [Ashburner and Friston, 1997] , as shown in Figure 2 . Normal-appearing white matter (NAWM) was obtained by subtracting the lesion and pre-lesional tissue masks from the WM mask. To avoid peri-lesional tissue, prior to the subtraction the lesion and prelesional masks were inflated by 3 mm in all directions. In addition, since the pre-lesional mask denoted only future lesions larger than 0.3 cm
Image and Mask Co-Registration
Lesions were segmented from the FLAIR, while tissue and CSF were segmented from the MP-RAGE. To account for the different spatial resolution of the resulting masks, co-registration was performed using FLAIR as the source, MP-RAGE as the target space, and mutual information as the voxel-based similarity measure. The transformation matrix was applied to the lesion mask in order to coregister it to the MP-RAGE space (Fig. 2B ). Sub-voxel interpolation assured unbiased target mask. Since hypointense lesions are often mislabeled as tissue or as CSF by segmentation algorithms [Chard et al., 2010] , the transformed lesion masks were subtracted from the GM and the CSF masks, eliminating misclassified pixels, as shown in Figure 2C . All masks, now in MP-RAGE space, were coregistered with the 1 H MRSI based on DICOM-stored positioning information, yielding their volume in every 1 H MRSI voxel.
To delineate pre-lesional tissue, FLAIR images from the timepoint at which the lesion first appeared were coregistered (using the rigid-body model and absolute signal difference as the similarity measure) to FLAIR images of the preceding timepoint(s), and the transformation matrix was applied to the lesion mask, creating a "ghost" mask of the forthcoming lesion.
Co-registration accuracy of all procedures was visually verified on multiple slices. Locally developed software was used for all co-registration tasks [Sigmund et al., 2012] .
Lesion Characterization
Lesions were classified as chronic if present at the preceding scan (6 month interval definition [Davie et al., 1997] ), and as acute (i.e., "new") if otherwise. For lesions present at the baseline scan, prior MRI scans were consulted to confirm a chronic classification.
Each lesion's T1-hypointensity was assessed from the MP-RAGE obtained prior to gadolinium chelate administration. Isointense lesions were defined as having signal intensity within 2 standard deviations of adjacent NAWM intensity, while lesions with lower intensity were classified as hypointense. A category of "severely hypointense" lesions was defined as having signal intensity less than 2 standard deviations of adjacent cortical normal-appearing GM (NAGM) intensity. All other hypointense lesions were termed "moderately hypointense." To enable inter-scan comparison Table I , superimposed on the volume of interest and field of view (solid and dashed white frames). The location of lesion #18 is indicated on all sections by a white arrowhead. Middle: (D) Real part of the 8 3 10 (left-right 3 anterior-posterior) 1 H spectra matrix from the spectroscopic slice corresponding to the axial section on (C), overlaid on the magnified anatomy with voxel partitions shown. Note that the lesion of interest is contained within two voxels (thick black lines). (E) The 1 H spectra matrix from (D) after voxel shifting to minimize partial volume effects from CSF and normal appearing tissue. The parameters were 3 mm (3/10 voxel) along the posterior axis and 1 mm (1/10 voxel) along the right axis. Note that the voxel shifted data would be identical to data originally acquired under these new offsets. Bottom: Expanded and magnified spectra from the four voxels delineated with a black outline in (D) and (E), superimposed on their fitted model functions (gray lines). Note the change of spectral appearance before (F) and after (G) voxel shifting, consistent with increasing lesion content within the top voxel and decreasing lesion content in the bottom voxel.
r Kirov et al. r r 4050 r of T1-hypointensity, each lesion was assigned a T1-contrast ratio value , calculated as the signal intensity of the lesion divided by the signal intensity of NAWM. Acute lesions were classified as "resolving" if after 6 months their volume had shrunk by at least 90% and did not enlarge over this threshold throughout the duration of the study. Acute lesions were classified as "persisting" if their volume did not fall under the inclusion criterion (i.e., 0.3 cm 3 ) for the duration of the study. To follow FLAIR hyperintensity changes in the acute lesions, a FLAIR-contrast ratio to NAWM was calculated in the same manner as the T1-contrast ratio, but utilizing the FLAIR images instead.
H MRSI Post-Processing and Absolute Metabolite Quantification
The 1 H MRSI data were Fourier and Hadamard reconstructed along the spectral and spatial directions and each spectrum was frequency-aligned and phased relative to its NAA peak. To maximize lesion inclusion within the 1 H MRSI voxel(s), that is, the region-of-interest (ROI), a procedure known as "voxel shifting" [Barker et al., 2010; Bracewell, 1978] was performed for each lesion, as shown in Figure 1D . Next, the relative levels of the i 5 NAA, Cr, Cho, mI metabolite in the j 5 1 . . . 480 voxel were obtained from their peak area, S ij , using the SITools-FITT spectral modeling package [Soher et al., 1998 ], as shown in Figures Table I . (B) The FLAIR (top) is co-registered to the MP-RAGE (bottom) and the transformation matrix is used to co-register the lesion mask to the MP-RAGE. (C) The CSF and GM masks obtained from the MP-RAGE slice shown in (A) show that the segmentation software can incorrectly register the lesion as CSF and as GM (red arrows). These misregistered pixels were removed by subtracting the lesion mask in (B) from the CSF and GM masks. The resultant masks (lower right) no longer contain misregistration errors, and can be used for calculating CSF and GM partial volumes in the spectroscopic voxels. [Color figure can be viewed at wileyonlinelibrary.com] r 1 H MRS and MRI of Lesion Evolution in MS r r 4051 r voxels, an average S ij was used. The values were normalized for intra-voxel CSF fraction (f CSF ) using:
The corrected values were scaled into absolute amounts, Q ij , relative to a 2 L water-based "Braino" phantom (GE Medical Systems, Milwaukee, WI) with NAA, Cr, Cho, and mI concentrations, C vitro i , of 12.5, 10.0, 3.0, and 7.5 mmol/L (millimolar, mM):
where S ijR is the sphere's voxels' metabolite signal, V 
The following T vivo 1 values were used for NAA, Cr, Cho, and mI: 1,360, 1,300, 1,145, and 1,170 ms [Traber et al., 2004] . Even though no differences were found in T vivo 2 of NAA, Cr, and Cho in lesions compared with MS NAWM [Kirov et al., 2010; , to maximize precision, tissue-specific literature values were used: 296, 163, 199 ms for hypointense lesions, and 298, 162, 222 ms for NAWM and pre-lesional tissue [Kirov et al., 2010] . Since T vivo 2 of mI in MS tissue is unknown, 200 ms [Ganji et al., 2012; Posse et al., 2007] 
H MRSI Quality Control
The use of small voxels necessitates strict criteria for spectral quality control. Toward this end, we excluded all voxels comprising more than 30% CSF. Next, we rejected spectra with linewidths under 4 Hz and over 13 Hz [Ebel et al., 2001; Kreis, 2004; Maudsley et al., 2010] and with Cramer-Rao lower bounds of over 20% [Kreis, 2004] . As a last step, visual quality control of each remaining spectrum and its fitting procedure was performed.
Partial Volume Considerations
Accounting for partial volume is critical in longitudinal studies and when examining tissue below the 1 H MRS resolution. In addition to the first inclusion criterion of voxel lesion content >40%, voxels with >30% CSF or >30% GM were excluded. In the follow-up among individual lesions, modulations of CSF and GM partial volume were minimized not to exceed 30% each. For NAMW, only voxels with >97% NAWM, <3% CSF and no GM content were used (these thresholds ensured quantification reproducibility similar to that in global WM of healthy controls [Tal et al., 2012] , that is, 9%-15% range for intra-and intersubject coefficients of variation). All thresholds were applied automatically, with the results undergoing visual inspection. Finally, correction for variable amount of lesion volume within the 1 H MRSI ROI was integrated in all statistical analyses listed next.
Statistical Analysis
Mixed model analysis of covariance was performed to compare NAWM to pre-lesional tissue, pre-lesional tissue to lesions (as a single group, and to the two subgroups, moderately and severely hypointense) and moderately hypointense to severely hypointense lesions in terms of the average level of each metabolite over the entire study period, while accounting for the lack of statistical independence among results derived for the same subject.
Random coefficients regression (RCR) was used to assess changes over time. In NAWM, for each metabolite the dependent variable was the vector of metabolite concentrations from all available timepoints for all subjects. The model included elapsed time from baseline as a fixed numeric factor. To account for variation among subjects at baseline, the intercept was modeled as random, thereby assuming the baseline concentrations to represent a random sample from the population of all patients. To account for statistical dependencies among observations derived for the same patient, an autoregressive covariance structure was modeled thereby assuming observations to be correlated only when acquired from the same patient with the strength of correlation between observations inversely dependent on the elapsed time between them (i.e., measures are more strongly correlated when taken closer together in time). Data were therefore assumed correlated when obtained from the same patient and independent when obtained from different patients. In lesions, RCR was used to model the temporal change in each metric (metabolite concentration, T1-contrast ratio, lesion size) as a function of elapsed time from initial scan and lesion type. The use of RCR permits a separate linear model to be fit to the data from each lesion and to characterize the change among all lesions of a given type on the basis of an aggregate model, that is, a single line describing the average change in the particular metric among all lesions of the given type. To account for statistical dependencies among data derived for a single individual, the covariance structure was modeled by assuming observations to be correlated only when acquired from the same lesion. The presented rates (mM/month, T1-contrast ratio/month, and cm 3 /month) refer to changes over the entire follow-up period.
The RCR analysis not only tested the mean rate of change in T1-contrast ratio, volume and each metabolite in each lesion category, but also estimated the rate of change in these metrics for each individual lesion. Relationships between these lesion-level rates of change were characterized in terms of Pearson correlation coefficients.
Relationships of lesion volume and T1-contrast ratio with the level of each metabolite were characterized using partial Pearson correlations. Because larger lesions tend to have lower T1-contrast ratios, to disentangle the effect of one on the other, the correlations with T1-contrast ratio were adjusted for lesion volume, while the correlations with volume were adjusted for T1-contrast ratio. The statistical significance of each correlation was assessed using mixed model regression in order to account for the lack of statistical independence among results derived for the same lesion (at different times) or for lesions within the same patient. The covariance structure was modeled by assuming results to be independent when derived for lesions within different patients, but correlated when acquired from lesions in the same patient with the correlation strongest if the results were associated with the same lesion.
The utility of 1 H MRS to predict future MRI changes was assessed by the Pearson correlation for the association of the rate of change in T1-contrast ratio and volume with baseline metabolite levels. SAS 9.0 software was used in all calculations. Statistical significance was defined as P 0.05 (2-sided), and statistical trends as 0.05 < P 0.07 (2-sided).
RESULTS
Eight patients did not have lesions which satisfied the minimal volume requirement of 0.3 cm 3 . The remaining 10 had 21 lesions that passed that threshold. These patients' demographic and clinical data are shown in Table I H MRSI slices. A total of 116 measurements of pre-lesional tissue (n 5 8) and lesions (n 5 108) remained and were used for the statistical analyses. Seventy-seven 1 H MRSI ROIs comprised of 1 voxel, thirty-three of 2, and four had 3 voxels. The median lesion, CSF, and GM fraction within the 1 H MRSI ROI were 57% (range 40%-85%), 0% (0%-29%), and 0% (0%-27%). The corresponding medians of the variations within individual lesions over the follow-up were 21% (5%-40%), 4% (0%-28%), and 8% (2%-24%). The median lesion volume was 0.9 cm 3 (0.3-2.5 cm 3 ). Fifteen lesions were classified as chronic and six as acute. All were T1-hypointense (none met the definition of T1-isointensity). Contrast enhancement was observed in three of the acute lesions and in none of the chronic ones. Of the 15 chronic lesions, 6 were severely hypointense and 9 moderately hypointense. Changes in tissue and lesion classifications over time are shown in Table I . No transitions between hypointensity categories occurred in the chronic lesions. Half of the six acute lesions resolved and half persisted as chronic. All of the latter were moderately hypointense and remained so for the study duration, except for one lesion which converted to severely hypointense at the last timepoint.
The NAWM data, obtained from the 10 patients in Table  I , passed the partial volume threshold and 1 H MRSI quality control requirements in all 64 datasets. There were 20 6 10 (mean 6 standard deviation) NAWM voxels per subject, with a median WM fraction of 99% (97%-100%).
Metabolic Differences Between NAWM and Pre-Lesional Tissue
The metabolic concentrations in NAWM and prelesional tissue are compiled in Table II , and their distributions are shown in Figure 3A . There were no statistically significant differences between the two tissue types in NAA and mI (P > 0.2), while Cr and Cho were higher in pre-lesional tissue (both P 5 0.04). Example spectra are shown in Figure 3B .
Metabolic Differences Between Pre-Lesional Tissue and Chronic Lesions
Both moderately and severely hypointense lesions had lower NAA than pre-lesional tissue (P 5 0.004 and P 5 0.002, respectively). Severely hypointense lesions had lower Cr compared with pre-lesional tissue (P 5 0.05). These results are shown in Table II and Figure 3A , with example spectra from each lesion type shown in Figure 3B .
Metabolic Differences Between Moderately and Severely Hypointense Lesions
Moderately and severely hypointense lesions differed only in Cr, which was higher in the former (P 5 0.05), as shown in Figure 3A . There was a statistical trend of lower NAA in the severely versus moderately hypointense lesions (P 5 0.06).
Serial Changes in NAWM
The baseline NAWM concentrations of NAA, Cr, Cho and mI: 7.5 6 1.4, 5.4 6 0.8, 1.6 6 0.2, and 5.6 6 0.7 mM did not show statistically significant rates of change over the course of the study. There was, however, a statistical trend for increasing Cho (0.004 mM/month, P 5 0.07).
Serial Changes in Acute Lesions
After the appearance of a resolving acute lesion, statistically significant rates of change were found for increasing NAA (0.1 mM/month, P 5 0.01) and increasing T1-contrast ratio (0.004/month, P 5 0.01), as shown in Figure 4A ,B. The temporal behavior of the other metabolites is shown in Figure 4C , and serial images and spectra from one lesion are shown in Figure 4D .
After the appearance of a persisting acute lesion, there was a statistically significant rate of decreasing T1-contrast ratio (20.002/month, P 5 0.01). This is shown in Figure 5 , along with the temporal behavior of NAA and example serial spectra from one lesion. Moderately T1-hypointense 5.8 6 1.5 6.0 6 1.3 2.0 6 0.4 6.7 6 1.7 Severely T1-hypointense 4.2 6 1.5 5.0 6 1.4 1.9 6 0.5 6.6 6 1.7
Bold font indicates statistically different concentrations compared with pre-lesional tissue. Not indicated are the results from the concentration comparisons between the moderately and severely T1-hypointense lesions. They showed lower Cr and a trend for lower NAA in the latter. P values are listed in the text. 
Serial Changes in Chronic Lesions
In chronic lesions there was a statistically significant rate of change for increasing mI (0.03 mM/month, P 5 0.02), which was largely driven by its change in moderately hypointense lesions (statistical trend: 0.03 mM/month, P 5 0.06), as shown in Figure 6A . A statistically significant rate of change was found for decreasing T1-contrast ratio (20.001/ month, P 5 0.03), which was also driven by its change in moderately hypointense lesions (20.001/month, P 5 0.04), as shown in Figure 6B . Serially acquired spectra and images from a moderately hypointense and a severely hypointense chronic lesion are shown in Figure 6C and D. In addition, there was a statistical trend for increasing NAA in moderately hypointense lesions (0.03 mM/month, P 5 0.07). For each lesion category, the mean rate of change in lesion volume among the lesions was not statistically significant, 
Correlations Between Metabolism and MRI
The relationships between metabolite concentrations and T1-contrast ratio and between metabolite concentrations and lesion volume are shown in Figure 7 . Of these, the only statistically significant correlation was an inversely proportional relationship of NAA with lesion volume (r 5 20.3, P 5 0.04), while there was a statistical trend of an inversely proportional relationship of Cr also with lesion volume (r 5 20.3, P 5 0.06).
There were statistically significant correlations between the lesion-level rates of change of NAA and of T1-contrast ratio, and of mI and T1-contrast ratio in acute lesions (r 5 0.9, P 5 0.02; r 5 1.0, P 5 0.001). Lesion-level rate of change in lesion volume correlated with lesion-level rate of change in Cho within moderately hypointense lesions (r 5 0.8, P 5 0.01).
There were no statistically significant correlations between baseline metabolite concentrations and rates of change in lesion volume (all P > 0.3) and in T1-contrast ratio (all P > 0.5).
DISCUSSION Study Approach-Methodology
Lesions identified on T1-and T2-weighted MRI are the most widely used imaging metric in the clinical management of MS: diagnosis is based on lesion evolution in space and time, long term prognosis is well predicted by the magnitude of lesion load at diagnosis [Poloni et al., 2011] , and treatment decisions are guided by the rate of lesion accumulation. The standard in imaging outcomes for clinical trials is also lesion monitoring, through changes in number, volume, enhancement and T1-hypointensity [Cohen et al., 2012; Miller, 2004] .
Unfortunately, the metabolic processes underlying these monitoring criteria and clinical trial end points are still not fully understood. This is in part due to the spatial resolution of 1 H MRS, which results in partial volume contamination of the lesion from normal-appearing tissue and CSF. To circumvent this problem, metabolic ratios have been used, but they account only for CSF contamination. A second approach has been to focus exclusively on lesions large enough to fill the entire voxel [Davie et al., 1994 [Davie et al., , 1997 He et al., 2005; Simone et al., 2001] . These, however, are uncharacteristic of the disease. Moreover, the vast majority of past studies have used single voxels, which require lesion selection, voxel sizing and voxel placement to be made during the scan, resulting in suboptimal, timeconstrained lesion selection and partial volume control. In contrast, 1 H MRSI allows retrospective lesion selection, and voxel lesion content optimization through voxel shifting.
In this study, all lesions conformed to a minimum size requirement and to thresholds of CSF and GM. This partial volume control optimizes the precision and accuracy of the experiment: the former by decreasing the variations caused by non-lesional volume, and the latter by maximizing voxel lesion content. Next, because lesions tend to be located Figs. 1 and 2 ), voxel CSF content was additionally controlled: we excluded voxels with more than 30% CSF and scaled the signal of the remaining voxels proportionally for any remaining amount. Finally, all statistical analyses took into account the amount of voxel lesion content. Overall, therefore, a major methodological advantage of the current study was the level of partial volume control.
Another factor limiting our understanding of lesion metabolism is the use of metabolic ratios, which do not reveal whether changes are due to the numerator or denominator. The absolute quantification employed here maximizes the available 1 H MRS specificity to neuronal and glial injury, and avoids scenarios in which the numerator and denominator of metabolic ratios change in unison, decreasing the observed effect sizes [Davies et al., 1995] .
Study Approach-Clinical
These methodological advantages facilitate reliable estimation of metabolic concentrations in individual, sub-1 cm 3 lesions found in early, mildly disabled patients. The cohort's homogeneity in terms of disability and disease duration is important in light of the known histopathological and MRI differences in lesion evolution between early and late MS [Filippi et al., 2012] . The 3D 1 H MRSI coverage of the most prominent lesion predilection sites (periventricular, subcortical forebrain WM [Lassmann, 2008] ), allowed for a wide study scope with the following novel aspects: (i) follow-up of pre-lesional tissue through the acute stage and conversion to resolved or chronic lesions; (ii) follow-up of individual chronic lesions; (iii) relating the metabolic data to highlight that these findings are largely driven by changes in moderately hypointense lesions. (C) Serial FLAIR, MP-RAGE and spectra from a moderately hypointense chronic lesion (#18 in Table I ). (D) Serial FLAIR, MP-RAGE and spectra from a severely hypointense chronic lesion (#7 in Table I ).
to quantitative measurements of both accepted MRI metrics of lesion severity: hypointensity and volume. The results shed light on lesion pathogenesis and pathophysiology, and inform about the metabolic correlates of lesion appearance on conventional MRI, as encountered in everyday clinical practice. Cross-sectional relationships between lesion 1 H MRS and MRI. Lesion metabolite concentrations (in millimolar, mM) as a function of lesion T1-contrast ratio (left), and volume (right). The statistical analyses, adjusted for the relationship between T1-contrast ratio and lesion volume, showed statistically significant correlation only between NAA and lesion volume (dotted line), with a statistical trend for a correlation between Cr and lesion volume. All lesions are shown, categorized according to the legend, with sample sizes indicated for each metabolite (totals differ due to data points excluded in the quality control). Note that NAA levels decrease as a function of T1-contrast ratio only within severely hypointense lesions, but that this relationship is mediated by lesion volume. Also note the cut-off at approximately 1.5 cm 3 over which lesions exhibit very low NAA within a very narrow range of values, indicating terminal axonal injury. 
Normal-Appearing White Matter
Depending on whether it converted to a lesion over the follow-up, WM was defined as NAWM or as pre-lesional tissue. The results revealed differences in metabolite levels between these two entities. Levels of Cr and Cho were higher in pre-lesional tissue, suggesting that lesion-related glial pathology inflicts NAWM prior to its conversion. These findings are in line with the two previous studies of pre-lesional tissue [Narayana et al., 1998; Tartaglia et al., 2002] , which also found evidence of higher Cho compared with NAWM. As hypothesized also by those investigators, the most likely interpretation is that the elevated Cho signal reflects inflammation-induced myelin pathology present prior to a breakdown in the blood-brain barrier.
It is outside the scope of this project to compare the NAWM results to healthy WM. The reader is referred to two studies from our group [Kirov et al., 2009 [Kirov et al., , 2013 in patients which include the 18 initially enrolled for the current study. The results support the literature consensus that NAWM in MS has abnormal metabolism Miller et al., 2003 ].
Pre-Lesional Tissue
Concentrations of Cr, Cho, and mI in pre-lesional tissue were not different from those in chronic lesions, suggesting that the processes represented by these metabolites are present at lesion-like levels prior to lesion formation. The most likely interpretation of this finding is that the combination of inflammation and gliosis in pre-lesional tissue is similar to chronic lesions'. The observation that all three glial markers are involved is suggestive of gliosis, a well-known histopathological feature of MS NAWM [Allen and McKeown, 1979] . Specifically, glia have higher concentrations of Cr and Cho than neurons [Urenjak et al., 1993] and the mI signal is thought to be specific to astrocytes [Brand et al., 1993] . Additionally, in MS NAWM phosphorus MRS has shown that high Cr levels are associated with gliosis rather than energy imbalance [Hattingen et al., 2011] , and a combined 1 H MRS-histopathology study related Cho with gliosis [Bitsch et al., 1999] .
In contrast to the glial markers, NAA in pre-lesional tissue was statistically higher compared with both moderately and severely hypointense lesions. Since the NAA signal is a surrogate marker for neuronal health [Moffett et al., 2007] , this indicates that established lesions sustain previously absent axonal injury. The finding of higher Cr in pre-lesional tissue compared with severely hypointense lesions is likely related to the large NAA deficit in the latter subgroup, indicative of permanent axonal damage, which, in turn, leads to lower energy demand.
Acute Lesions
The appearance of an acute lesion is accompanied by a drop of NAA, as shown in Figures 4A and 5A . A key finding of the current study was that NAA levels showed a statistically significant recovery in the months following the appearance of an acute lesion which concurrently resolved on T2-weighted MRI (Fig. 4A,B) . Moreover, as shown in Figure 4B , this recovery correlated with decreasing hypointensity on T1-weighted MRI, indicating that in transient hypointense lesions, retaining isointensity is associated with a normalization of NAA to pre-lesional levels. In persisting lesions, no NAA changes were found, although we note a visual, but non-statistically significant increase following the acute stage (Fig. 5A) . Previous serial 1 H MRS studies support the notion of NAA recovery after the acute stage [Davie et al., 1994; Mader et al., 2000; Narayana et al., 1998; Zaaraoui et al., 2010] , but none tested it statistically, nor distinguished transient from persistent lesions. Although we are unable to differentiate the contributions of axonal injury and vasogenic edema to the NAA decline (see "Limitations" below), the results here suggest lack of long-lasting damage within acute transient hypointense lesions. This has implications for trials utilizing lesion MRI outcomes, as it substantiates the notion that transient hypointense lesions represent a return to prelesional axonal state, and are therefore the preferred outcome also from a metabolic point of view.
Chronic Lesions
Acute lesions that do not resolve after 6 months can be considered chronic [Davie et al., 1997] . To account for the wide range of T1-hypointensity, contrast ratios were calculated and chronic lesions were dichotomized into moderately and severely hypointense. The severely hypointense group had lower Cr and a statistical trend for lower NAA, while no differences or trends were found for Cho and mI. In line with previous 1 H MRS [Brex et al., 2000; He et al., 2005; and histopathology [Van Waesberghe et al., 1999; Van Walderveen et al., 1998 ] studies, these results add to the consensus that very hypointense lesions suffer more neuronal damage than less hypointense ones, and that the underlying cause is low overall cell density.
Our study also reveals, however, that the metabolic dependency on T1-hypointensity is not linear. As shown in Figure 7 , NAA decreases as a function of T1-hypointensity only in severely hypointense lesions. Moreover, this relationship was found to be mediated by lesion volume, which was a better predictor of low NAA than T1-hypointensity. Intriguingly, there was a clear divide in NAA concentrations at lesion volume of approximately 1.5 cm 3 . Larger lesions had concentrations within a very narrow, approximately 2-4.5 mM range, in contrast to the approximately 2-8 mM range of smaller lesions, suggesting terminal axonal injury in the former versus more heterogeneous axonal status in the latter. This finding highlights the importance of taking lesion volume as a covariate in imaging and histopathological studies, especially since large lesions tend to be very T1-hypointense. Even without considerations of T1-hypointensity, grouping together patients with different proportions of lesion sizes could confound the measurement of NAA and Cr.
The serial data revealed an increase in mI, primarily in moderately hypointense lesions. Since one of the histopathological hallmarks of the MS lesion is astrogliosis, these results likely demonstrate its accumulation over time, especially in less T1-hypointense lesions. While this was the only statistically significant metabolite change, there was also a statistical trend for NAA increase in moderately hypointense lesions. With this caveat, we note that findings of increasing NAA in lesions and NAWM can be attributed to medication [Khan et al., 2008; Narayanan et al., 2001; Wiebenga et al., 2015] , and therefore it can be speculated that our results suggest such an effect, but only in moderately hypointense lesions.
Comparisons between metabolic and MRI rates of change in chronic lesions generated only one, yet important finding: a positive correlation between changes in Cho and lesion volume for moderately hypointense lesions. This implies that changes in lesion size are mediated by the level of chronic inflammation. We note that this is in accordance with histopathological findings in the "slowly expanding lesion" type, as put forth by Lassmann, to describe chronic, non-enhancing, growing lesions, containing subtle inflammation only at lesions' edge [Lassmann, 2008] .
From both the serial and cross-sectional results, it is clear that moderately hypointense lesions are more metabolically active than severely hypointense ones. The change seen on conventional MRI in the two groups was also different: the former exhibited decreasing T1-contrast ratio, while the latter a statistical trend for increasing volume. These MRI findings are noteworthy on their own accord, indicating that in chronic lesions, increase in T1-hypointensity precedes enlargement.
LIMITATIONS
Only T1-hypointense lesions fulfilled the inclusion criteria, precluding the study of isointense lesions. This is likely unavoidable given the need for a minimal lesion size requirement, biasing our selection to larger lesions which tend to be more T1-hypointense (as shown in Fig. 7) . In addition, the criteria for isointensity was strict, excluding even subtly hypointense lesions.
The 6 month follow-up is more appropriate for monitoring chronic rather than acute lesions, as the latter change on time scale of weeks. On the other hand, we were able to confirm the resolved/persistent status of acute lesions as far ahead as 2 years post-formation, and to relate it to their long-term metabolism. Another caveat related to the results from the acute lesions is that the conclusions are based on a small sample size (3 resolving, 3 persisting lesions), and therefore should be interpreted with caution.
The difficulty in capturing the acute stage within a longitudinal design is reflected throughout the 1 H MRS literature, with previous studies reporting serial data from similar number of acute lesions [Arnold et al., 1992; Davie et al., 1994; Narayana et al., 1998; Zaaraoui et al., 2010] . Encouragingly, however, all results, including ours, are in line with the notion of NAA recovery after the acute stage, with the data here suggesting that this is most apparent in lesions that resolve, rather than in those which persist as chronic. Unfortunately, since none of the cited studies, or ours, corrected for edema in contrast-enhancing lesions, the magnitude of the NAA decline due to vasogenic edema and not neuronal insult, is unknown. In this work, there was an apparent reduction in most metabolite concentrations within the contrast-enhancing lesions (c.f., Fig.  4A and C) which implies potentially underestimated values. Regardless of why NAA declines at lesion formation, however, transient new lesions do not induce long-lasting axonal damage, as inferred from the similar NAA levels in the pre-lesional and resolved state. This is important, since lesions do cause an NAA decline; the question of when that happens is still open, but one possibility is suggested by Figure 5A , which shows that the persisting lesions' NAA falls below baseline levels approximately two years post-formation.
In order to maintain reasonable statistical power with data from only 21 lesions, statistical tests were conducted without a multiple comparison correction. Consequently, our significant findings may include type I errors (false positives) and should be independently replicated.
Finally, despite compelling evidence for abnormal glutamate in lesions [Srinivasan et al., 2005] , our small voxel size represented a trade-off between studying smaller lesions and adequate signal-to-noise ratio to detect glutamate.
CONCLUSION
We describe lesion evolution in early MS from a quantitative 1 H MRS and MRI perspective. The full range of lesion states is studied through cross-sectional and serial analyses of absolute metabolic concentrations and lesion T1-hypointensity and T2-volume. The results reveal the metabolic underpinnings of lesion appearance on conventional imaging, and inform about disease progression within the hallmark pathology of MS.
